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create a cleft that forms the intron’s active site andand Medical Biochemistry
contains binding sites for the 59 and 39 splice sites andThe Ohio State University
the guanosine cofactor. The N. crassa mt large subunitColumbus, Ohio 43210-1292
rRNA (LSU) and ND1 introns, which are not self-splicing,† Institut de Biologie Moleculaire et Cellulaire du CNRS
can form most of the conserved group I intron secondary15 Rue R. Descartes
structure but otherwise remain largely unfolded in the67084 Strasbourg
absence of CYT-18. CYT-18 binds to the unfolded in-France
trons and promotes tertiary structure formation required
for catalytic activity (Caprara et al., 1996). Iodine-foot-
printing experiments with the mt LSU and ND1 intronsSummary
showed that CYT-18 protects the phosphodiester back-
bone on the side of the catalytic core opposite the activeThe Neurospora crassa mitochondrial (mt) tyrosyl-
site. In both introns, many of the putative CYT-18 protec-tRNA synthetase (CYT-18 protein) functions in splicing
tion sites were in the P4–P6 domain, but additional sitesgroup I introns, in addition to aminoacylating tRNATyr.
were found in the P3–P9 domain (Caprara et al., 1996).Here, we compared the CYT-18 binding sites in the N.
Notably, CYT-18 could replace the peripheral RNAcrassa mt LSU and ND1 introns with that in N. crassa
structure, P5abc, which is required to nucleate foldingmt tRNATyr by constructing three-dimensional models
of the P4–P6 domain in the Tetrahymena LSU intronbased on chemical modification and RNA footprinting
(Mohr et al., 1994). Detailed analysis of the CYT-18 bind-data. Remarkably, superimposition of the CYT-18
ing site in the P4–P6 domain of the mt LSU intron sug-binding sites in the model structures revealed an ex-
gested that one function of CYT-18 is to stabilize thetended three-dimensional overlap between the tRNA
correct geometry at the junction of the P4–P6 stackedand the group I intron catalytic core. Our results pro-
helices (Saldanha et al., 1996). In addition, CYT-18 couldvide insight into how anRNA-splicing factor can evolve
suppress structural mutations in the phage T4 td intronfrom a cellular RNA–binding protein. Further, the
that destabilize either the P4–P6 or P3–P9 domains orstructural similarities between group I introns and
alter the relative orientation of the two major helicaltRNAs are consistent with an evolutionary relationship
domains (Mohr et al., 1992; Myers et al., 1996). Together
and suggest a general mechanism for the evolution of
with the RNA structure mapping and footprinting, these
complex catalytic RNAs.
findings suggested a model in which CYT-18 binds first
to unfolded introns to promote the formation of the
Introduction P4–P6 domain and then makes additional contacts with
the P3–P9 domain to stabilize the two major helical do-
Group I introns may self-splice in vitro but generally mains in the correct relative orientation to form the in-
require protein factors for efficient splicing in vivo to tron’s active site (Caprara et al., 1996; Saldanha et al.,
help establish the catalytically active RNA structure 1996).
(Lambowitz and Perlman, 1990). Studies of mitochon- Here, to investigate whether CYT-18 functions insplic-
drial (mt) RNA splicing in Neurospora crassa and yeast ing by recognizing tRNA-like structural features in group
have shown that such protein factors include aminoacyl- I introns, we compared the CYT-18-binding sites in the
tRNA synthetases (aaRSs) and other cellular RNA– N. crassa mt LSU and ND1 introns with that in N. crassa
binding proteins, which may have adapted to function mt tRNATyr by constructing three-dimensional models
in splicing by recognizing structures in group I introns based on chemical modification and RNA-footprinting
that resemble their normal cellular RNA–binding sites data. Remarkably, superimposition of the CYT-18-bind-
(Lambowitz and Perlman, 1990). Among the best-stud- ing sites in the model structures revealed an extended
ied examples is the N. crassa mt tyrosyl-tRNA synthe- three-dimensional overlap between the tRNA and the
tase (mt TyrRS), which functions in splicing group I in- group I intron catalytic core. Our results provide insight
trons as well as in aminoacylation of tRNATyr (Akins and into how an RNA-splicing factor can evolve from a cellu-
Lambowitz, 1987). In addition to N. crassa mt group I lar RNA-binding protein. Further, the structural similarit-
introns, CYT-18 promotes the splicing of diverse group ies between group I introns and tRNAs are consistent
I introns from other organisms and presumably recog- with an evolutionary relationship and suggest a general
nizes highly conserved structural features of the intron mechanism for the evolution of complex catalytic RNAs.
RNAs (Guo and Lambowitz, 1992; Mohr et al., 1992,
1994). The dual function of the mt TyrRS raised the Results and Discussion
possibility that the structural features that it recognizes
in group I introns resemble those in tRNAs (Akins and Three-Dimensional Models of the CYT-18 Binding
Lambowitz, 1987; Guo and Lambowitz, 1992). Site in Two N. crassa Mt Group I Introns
The group I intron catalytic core consists of two ex- Three-dimensional model structures of the N. crassa mt
LSU and ND1 introns after binding of the CYT-18 proteintended helical domains, one formed by the coaxial
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Figure 1. Three-dimensional Models and Secondary Structure Representations of N. crassa Group I Introns
(a and c) Three-dimensional models of the mt LSU and ND1 introns, respectively, just prior to 59-splice site cleavage. The mt LSU and ND1
intron models were constructed by starting with previously constructed models of the yeast mt LSU intron (Jaeger et al., 1991) and Tetrahymena
LSU intron (Michel and Westhof, 1990), respectively, and refined based on chemical modification and footprinting data (Caprara et al., 1996).
To facilitate modeling, the large P2 helix of the mt LSU intron was shortened to 23 bases and closed with a GAAA loop. J4/5 in both introns
and P3, P6b, J6/6a, and P7.1 in the mt LSU intron were modeled to be the same size as in related group I introns (Michel and Westhof, 1990;
Jaeger et al., 1991) by opening base pairs or by pairing wobble or noncanonical bases at the ends of helices (see secondary structure
representations [b and d]). Sequences downstream of P9 were not modeled. The views in the figure were constructed with the program
DRAWNA (Massire et al., 1994). Gray spheres indicate putative CYT-18 protection sites on the phosphodiester backbone (see text). P4–P6
domain (including P6b in mt LSU), green; P3–P9 domain, purple; P2 and P7.1/P7.1a, red; and P1, dark gray. In the secondary structure
representations (b and d), intron and exon sequences are in uppercase and lowercase letters, respectively. The arrow indicates the 59 splice
site. Black boxes indicate putative CYT-18 protection sites, and gray shading indicates 59 phosphate protections attributed to RNA structure
(Caprara et al., 1996).
are shown in Figure 1. The models were constructed by refined to fit data from chemical modification and foot-
printing experiments. The latter included iodine cleav-starting with previously constructed models of related
group I introns (Michel and Westhof, 1990; Jaeger et al., age of phosphorothioate-containing RNAs, to monitor
accessibility of 59 phosphate positions, and dimethyl1991), then tailored for specific structural features and
tRNA-like Structure in Group I Introns
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sulfate (DMS) and diethyl pyrocarbonate (DEPC) modifi-
cation of adenines and cytosines (Caprara et al., 1996).
In the models, the catalytic core regions of the N. crassa
mt LSU and ND1 introns are similar to those of other
group I introns of their respective subclasses (IA1 and
IB2, respectively) (Michel and Westhof, 1990), with the
mt LSU intron possessing additional structures, P2, P6b,
and P7.1/P7.1a, appended to the catalytic core.
The validity of the models was assessed by comparing
the chemical modification and cleavage data with the
atomic accessibilities calculated from the model struc-
tures. Figure 2 shows a comparison of iodine-cleavage
data for the CYT-18/intron RNA complexes and the pre-
dicted accessibilities of Pro-Rp oxygen atoms in repre-
sentative regions of the mt LSU and ND1 introns. The
accessibility plots were calculated assuming a spherical
probe radius of 2.8 A˚ for iodine, and positions that have
a calculated accessibility of <10 A˚2 are predicted to be
inaccessible to cleavage due to RNA structure (Westhof
et al., 1989). Most of the experimentally observed cleav-
age sites (open squares) are at positions predicted to
be accessible in the model, with the exceptions corre-
sponding predominantly tocleavages insingle-stranded
loop or junction regions that may not have a solution
structure as rigid as the one calculated (see the legend
for Figure 2 for a summary of such positions) (Westhof
et al., 1989). Some nucleotide residues in P7 of the ND1
intron also show greater than expected cleavage (G103,
A104, U108, U156, and A157), possibly reflecting that
P7 in the ND1 intron has a more flexible structure (see
Burke et al., 1986; Gampel and Cech, 1991) due to the
absence of large peripheral structures. For the complete
data set, including all regions, the iodine-cleavage data
for the mt LSU and ND1 introns were in agreement with
the model structures at 97/108 and 70/84 positions, re-
Figure 2. Comparison of Iodine-Cleavage Sites with Calculated Ac-
spectively, that were accessible to iodine cleavage or cessibilities of Pro-Rp Oxygen Positions in Representative Regions
protected by RNA structure. The DMS- and DEPC-modi- of the N. crassa Group I Introns
fication data were in agreement at 68/97 and 56/59 posi- (a) mt LSU intron, nucleotides 229–294, and (b) ND1 intron, nucleotides
tions for the mt LSU and ND1 introns, respectively (not 96–182. The plots show the predicted accessibilities of Pro-Rp oxy-
genscalculatedfrom the model structures, assuming a spherical probeshown).
radius of 2.8 A˚ for iodine. Open squares indicate experimentally ob-Putative CYT-18 protection sites on the phosphodies-
served iodine-cleavage sites in CYT-18/intron RNA complexes, andter backbone were identified as Pro-Rp oxygen posi-
closed squares indicate positions that were not cleaved by iodine.
tions that are not cleaved by iodine in the presence of Closed triangles (bottom) indicate positions whose accessibility could
CYT-18 (closed squares) but have a calculated accessi- not be determined in vitro because of strong reverse transcriptase
bility >10 A˚2 (Figure 2). These positions are indicated by stops or difficulty in assigning bands (see Caprara et al., 1996). A
position with a calculated accessibility of <10 A˚2 (thick horizontal linegray spheres in the three-dimensional models and black
in [a] and [b]) is predicted to be inaccessible to iodine (see Westhofsquares in the secondary structure representations (Fig-
et al., 1989). Positions that are sites of iodine cleavage but have aure 1). In accordance with previous analysis using a
calculated accessibility of <10 A˚2 are found predominantly in loop ormodel structure of the yeast mt LSU intron (Caprara
junction regions, which may not have a solution structure as rigid as
et al., 1996), CYT-18 primarily protects the side of the the one calculated (e.g., mt LSU intron: A258 in L7.1, A273 in L7.1’,
catalytic core opposite the active-site cleft. In the N. and A284 in J7.1/3; ND1 intron: J8/7, A150, U154, and A155).
crassa mt LSU and ND1 introns, many of the putative
CYT-18 protection sites are in the P4–P6 domain, clus-
or tertiary structures, and none could be clearly as-tered around the junction of the P4–P6 stacked helices.
signed as a CYT-18 binding site (not shown).The protein faces the shallow groove of P4 and the deep
In addition to supporting most of the previously as-groove of P6, the sides opposite those believed to be
signed CYT-18 protection sites on the phosphodiesterengaged in nucleotide triple interactions (Michel and
backbone (Caprara et al., 1996), the N. crassa intronWesthof, 1990). CYT-18 also protects sites in the P3–P9
models suggest assignment of additional sites, particu-domain in both introns and in P6b and P7.1/P7.1a in the
larly in P7 and P9. The putative CYT-18 protections inmt LSU intron. Most of the DMS and DEPC protections
P7[59] are contiguous with those in P4[59], and those inobserved after CYT-18 binding could be attributed to
the formation of the conserved group I intron secondary P9 are adjacent to those in P5[39]. The putative CYT-18
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protections in P6b of the mt LSU intron appear some
distance from the majority of protection sites and could
reflect either RNA structure or a conformation where
P6b folds back toward the core region of the intron. A
few of the protection sites (P3, P5[59], and P8[39] in both
introns; J4/5, L7.1a, P7[39], P8–1, L9–3, and P9[39] in the
mt LSU intron; and P8–5 in the ND1 intron) are on the
opposite surface of the catalytic core, and at least some
of these protections can be attributed to RNA conforma-
tional changes uponCYT-18 binding (e.g., the P3 protec-
tions may reflect docking of P1; Caprara et al., 1996).
Overall, the distribution of the putative CYT-18 protec-
tion sites supports the hypothesis that CYT-18 binds to
each of the two major helical domains of the catalytic
core and stabilizes them in the correct relative orienta-
tion to form the intron’s active site (Guo and Lambowitz,
1992; Caprara et al., 1996). The CYT-18-binding sites in
the P4–P6 domain overlap the region that interacts with
the P5abcstructure in the Tetrahymena LSU intron (Mur-
phy and Cech, 1994; Cate et al., 1996), suggesting how
CYT-18 and the P5abc RNA could function similarly to
nucleate folding of the P4–P6 domain (cf., Caprara et
al., 1996). Finally, the newly identified CYT-18 protection
sites in P7 are consistent with the ability of CYT-18 to
suppress structural defects that disrupt base pairing in
this region (Myers et al., 1996).
Three-Dimensional Model of the CYT-18 Binding
Site in the N. crassa Mt tRNATyr
To address whether CYT-18 recognizes similar struc-
tural features in group I introns and its tRNATyr substrate,
analogous RNA structure mapping and footprinting ex-
periments were carried out using an N. crassa mt tRNATyr
in vitro transcript (Figures 3 and 4). Previous work
showed that this tRNATyr transcript is efficiently amino-
acylated by CYT-18 (Guo and Lambowitz, 1992). The
binding of CYT-18 to the mt tRNATyr is substantially
weaker than its binding to group I introns (Kd 5 0.41
mM and <1 pM, respectively; Saldanha et al., 1996, and
unpublished data), necessitating the use of higher CYT-
18 protein concentrations in the footprinting experi-
ments. The relatively high Kd value for the tRNATyr is
similar to that for other tRNA/synthetase complexes and
is presumably required to facilitate rapid turnover of the
tRNA for protein synthesis (Schimmel, 1989).
The DEPC- and DMS-modification patterns for the
Figure 3. Chemical Modification of the N. crassa mt tRNATyr
Transcript in the Presence or Absence of CYT-18 Protein
(a) DEPC and DMS modification were carried out with 59-end-labeled anticodon helix; and D, D helix. Aniline-cleavage products of DEPC-
N. crassa mt tRNATyr transcript (pTYR/BstNI) in the presence or modified RNAs migrate z1 nucleotide longer than corresponding
absence of 1.2 or 2 mM CYT-18 protein. The modified RNAs were nuclease- or alkali-digestion products.
partially digested with aniline, which cleaves downstream of DEPC- (b) The extent of modification under different conditions is compared
modified adenines and DMS-modified guanines, and the products with the accessibilities (A˚2) of N7 atoms of adenines and guanines
were analyzed in a denaturing 10% polyacrylamide gel. Lanes: RNA, calculated from the mt tRNATyr model structure (Figure 5) in the
RNA incubated at 308C in 10 mM HEPES-KOH (pH 8.8) (buffer) absence of CYT-18, assuming a spherical probe radius of 1.4 A˚ for
containing 100 mM KCl and 15 mM MgCl2, without modifying re- DMS and DEPC. A position with a calculated accessibility of <10 A˚2
agent; 1 and 6, RNA modified in buffer containing 1 mM EDTA is predicted to be inaccessible to the modifying reagents (Westhof
at 558C (denaturing conditions); 2 and 7, RNA modified in buffer et al., 1989). Conditions: Semi-De, semidenaturing; 1Mg21, native;
containing 1 mM EDTA at 308C (semidenaturing conditions); 3 and 1CYT-18, native plus 2 mM CYT-18; 11, modification of 51%–100%
8, RNA modified in buffer containing 100 mM KCl and 15 mM MgCl2 that in denatured RNA; 1, modification of 26%–50% that in dena-
at 308C (native conditions); 4, 5, 9, and 10, RNA modified in buffer tured RNA (moderately protected); and 2, modification <26% that
containing 100 mM KCl and 15 mM MgCl2 plus 1.2 or 2 mM CYT- in denatured RNA (strongly protected). Bands that could not be
18 at 308C. Lanes A, G, and OH2, RNA partially digested with RNase resolved by gel electrophoresis (G1–G7, A73, and A76) or were at
U2, RNase T1, or alkali, respectively. tRNA regions demarcated to or near sites of pronounced nonspecific degradation (G19, G52,
the left are AR, acceptor stem; T, T helix; V, variable helix; AC, G53, A57, and A58) were not included in the analysis.
tRNA-like Structure in Group I Introns
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Figure 4. Iodine Cleavage of the N. crassa mt
tRNATyr Transcript in the Presenceor Absence
of CYT-18 Protein
(a) The N. crassa mt tRNATyr transcript (pTYR/
BstNI) was synthesized with different phos-
phorothioates and cleaved with iodine in the
presence or absence of 1.2 or 2 mM CYT-18
protein. The cleavage products were ana-
lyzed in a denaturing 10% polyacrylamide gel
(Caprara et al., 1996). Lanes: RNA, RNA incu-
bated at 308C in 10 mM HEPES-KOH (pH 8.8)
(buffer) containing 100 mM KCl and 15 mM
MgCl2 without iodine; 1, 5, 9, and 13, RNA
cleaved in buffer containing 100 mM KCl at
308C (denaturing conditions); 2, 6, 10, and 14,
RNA cleaved in buffer containing 100 mM KCl
and 15 mM MgCl2 at 308C (native conditions);
3–4, 7–8, 11–12, and 15–16, RNA cleaved in
buffer containing 100 mM KCl and 15 mM
MgCl2, plus 1.2 or 2.0 mM CYT-18 at 308C.
Lanes A, G, and OH2, RNA partially digested
with RNase U2, RNase T1, or alkali, respec-
tively. Iodine-cleavage products migrate z1 nu-
cleotide shorter than the corresponding nucle-
ase- or alkali-digestion products. tRNA regions
demarcated to the left are as in Figure 3.
(b) The extent of iodine cleavage is compared
with the accessibilities of Pro-Rpoxygens (A˚2)
calculated from the mt tRNATyr model struc-
ture (Figure 5) in the absence of CYT-18, as-
suming a spherical probe radius of 2.8 A˚ for
iodine. A position with a calculated accessi-
bility ,10 A˚2 is predicted to be inaccessible
to iodine cleavage (Westhof et al., 1989). Con-
ditions: 1Mg21, native; 1CYT-18, native plus
2 mM CYT-18; 11, cleavage 51%–100% that
in denatured RNA; 1, cleavage 26%–50%
that in denatured RNA (moderately pro-
tected); 2, cleavage <26% that in denatured
RNA (strongly protected). Bands that could
not be resolved clearly (G1–G7, U19:1–U20,
and U72–A76) or were at or near sites of pro-
nounced nonspecific degradation (U54–U60
and U67) were not included in the analysis.
tRNATyr transcript under native conditions (15 mM Mg21 In iodine-cleavage experiments (Figure 4), the phos-
phodiester backbone of the mt tRNATyr was largely ex-in absence of CYT-18) showed protections expected for
the formation of secondary structure as well as base posed under denaturing conditions. Under native condi-
tions (15 mM Mg21 in the absence of CYT-18), the tRNATyrstacking and some tertiary interactions (Figure 3). All
but one strong modification (G47:7 in the variable stem) transcript showed some protections expected for the
formation of tertiary structure. However, some regionswere at a position predicted to be single stranded. CYT-
18 binding enhanced most of these protections and that should have been protected remained accessible
to cleavage, likely reflecting that the tertiary structurealso protected G18 and G21 in the D loop, G47:7 in the
variable stem, and G34 in the anticodon loop. The latter is less stable in the absence of modified nucleotides,
as found for other tRNA in vitro transcripts (Perret etis a major identity element in E. coli tRNATyr (Sherman
et al., 1992). al., 1990; Derrick and Horowitz, 1993). CYT-18 binding
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enhanced most of the protections attributed to tertiary
structure and resulted in additional protections through-
out the D, anticodon, T, variable, and acceptor helices
(Figure 4; the 59 strand and 39 end of the acceptor stem
were not sufficiently resolved for analysis). By contrast,
control experiments showed that under the same condi-
tions, CYT-18 produced only a few scattered protections
in the noncognate N. crassa mt tRNATrp (not shown).
CYT-18, like other aaRSs, is presumably under selective
pressure to discriminate between different tRNAs.
A three-dimensional structure model of the N. crassa
mt tRNATyr (Figure 5) was constructed by starting with
the previously constructed model of the yeast tRNASer,
which also contains a long variable arm (Dock-Bregeon
et al., 1989), and refining the model to fit the chemical
modification and iodine-cleavage data. As summarized
in Figures 3b and 4b, the model structure is in good
agreement with the experimental data (22/28 positions
for the DMS- and DEPC-modification data and 44/67
positions for the iodine-cleavage data), with most of the
exceptions reflecting iodine cleavage in loop or junction
regions that are predicted to be inaccessible due to
tertiary structure (D loop, anticodon loop, and the junc-
tion between the variable and T helices). As discussed
above, these tertiary interactions may be less stable in
the tRNATyr transcript in the absence of modified nucleo-
tides.
Putative CYT-18 protection sites on the phosphodies-
ter backbone of the tRNATyr (gray spheres in the model
structure and black squares in the secondary structure
representation) were identified as 59 phosphates that
were protected from iodine cleavage in the presence of
CYT-18 but should otherwise be accessible based on Figure 5. Three-Dimensional Model and Secondary Structure Rep-
the model structure. The distribution of the putative resentation of the N. crassa mt tRNATyr
CYT-18 protection sites suggests that the protein ap- (a) The three-dimensional model was constructed by starting with
the previously constructed model of yeast tRNASer (Dock-Bregeonproaches the tRNA from the variable-loop side, facing
et al., 1989), which also contains a long variable arm, and was refinedthe shallow grooves of the D and T stems and the deep
to fit the chemical modification and RNA-footprinting data. A U–Ugrooves of the anticodon and acceptor stems. Notably,
trans base pair was incorporated to maintain the conserved reverse
the orientation of the TyrRS relative to the acceptor stem Hoogsteen interaction between positions 8 and 14, although a U14–
differs from other class I aaRSs but is in accord with a G21 wobble base pair cannot be excluded. Additionally, U14:1 is
recent model of the bacterial tRNATyr/TyrRS interaction swung out of the D loop to accommodate the conserved G15–C48
base pair. U13–A22 was modeled as a canonical base pair, although(Bedouelle et al., 1993).
most class II tRNAs have a purine–purine interaction at this position
(Brennan and Sundaralingam, 1976; Biou et al., 1994). Putative CYT-
18 protection sites on the phosphodiester backbone are indicatedSuperimposition of the Group I Intron
by gray spheres. D and anticodon (AC) helices, green; and variableand tRNA Model Structures (V), T, and acceptor (AA) helices, purple. The views in the Figure
To assess whether CYT-18 recognizes similar structural were constructed with the program DRAWNA (Massire et al., 1994).
features in its group I intron and tRNA substrates, the (b) In the secondary structure representation, 59 phosphate protec-
tions attributed to CYT-18 are in black boxes, and those attributedputative CYT-18 protection sites in the mt LSU and ND1
to RNA structure are in gray boxes. Base pair G26–U44 is indicatedintron model structures were superimposed on those in
by a dashed line. The calculated accessibilities at U47:4, U47:5, andthe tRNATyr model structure (Figures 6 and 7). To mini-
A47:6 in the variable arm varied substantially during modeling, and
mize bias, only those nucleotides corresponding toCYT- the protections at these positions were attributed to CYT-18 based
18-protected phosphate residues were used for the ini- on proximity to other CYT-18 protection sites.
tial three-dimensional alignment, while other regions of
the RNA structures were hidden from view (Figures 6a
and 6b). After the protected phosphates were aligned, many of the CYT-18 protection sites in both introns,
almost completely superimposes with the D-anticodonthe other regions of the structures were restored to
reveal additional overlaps (Figures 7a and 7b). arm–stacked helix of the tRNA, consistent with the pre-
viously suggested structural similarity of these regionsRemarkably, not only are the CYT-18-binding sites
similar in the model structures, but the tRNA overlaps (Michel and Westhof, 1990; Guo and Lambowitz, 1992).
This superimposition indicates that the stacked helicalan extended region of the group I intron catalytic core
(see legend for Figure 7 for a summary of overlapping junctions have similar degrees of rotation. In addition,
the CG at P4 bp 3, which is conserved in both intronspositions). The P4–P6 stacked helix, which contains
and identified as a potential base-specific contact in the
mt LSU intron (Saldanha et al., 1996), aligns with C11-
G24, which corresponds to a CYT-18 protection site in
the tRNA. Functionally, the D helix and P4–P6 stacked
helix are believed to nucleate folding of their respective
RNAs (Stein and Crothers, 1976; Zarrinkar and William-
son, 1994, 1996).
In other regions, the variable stem of the tRNA is
situated similarly to and partially overlaps P7, with the
CYT-18-protected residues C47 and U47:1 superimpos-
ing on those in P7[59]. As noted previously, the variable
stem of N. crassa mt tRNATyr has extended primary and
secondary structure similarity to P7 (Guo and Lambo-
witz, 1992). In addition, the 59 and 39 strands of the
acceptor stem largely parallel P9[39] and P9[59], respec-
tively, with the discriminator base (A73) directly overlap-
ping L9–1,a putative CYT-18 contact site in both introns.
The P9 region is specifically required for CYT-18-depen-
dent splicing reactions (Caprara et al., 1996).
The connectivities between the potential tRNA cog-
nate elements in group I introns, P4–P6 (D anticodon
arm), P7 (variable stem), and P9[59] (39 strand of the
acceptor stem) are the same as those in tRNAs. How-
ever, the strand entering the D-anticodon–arm cognate
(P4–P6) is from P3, which does not correspond to a
structure in the tRNA. The regions of the P4–P6 and
P3–P9 domains that have structural similarities to tRNAs
are highly conserved in all group I introns, presumably
because they are required for catalytic activity. The abil-
ity of CYT-18 to discriminate between different tRNAs,
which have the same structural features, may be due to
energetically unfavorable interactions with other regions
of the tRNAs.
Evolutionary Implications
We suggested previously that proteins involved in splic-
ing group I introns and possibly other types of introns
evolved from preexisting RNA-binding proteins that had
another function (Akins and Lambowitz, 1987; Lambo-
witz and Perlman, 1990). The structural similarities be-
tween the CYT-18-binding sites in the N. crassa mt
tRNATyr and group I introns identified here support the
hypothesis that the mt TyrRS adapted to function in
splicing by recognizing a conserved tRNA-like structure
in group I introns. Further, the structural models of the
group I intron binding site suggest how recognition of
the tRNA-like structural features by CYT-18 could pro-
mote splicing by stabilizing the P4–P6 and P3–P9 do-
mains and/or their interaction to form the intron’s active
site.
The adaptation of TyrRS to function in group I intron
splicing has thus far been found only in Neurospora and
the closely related fungus P. anserina and appears to
be a relatively recent evolutionary development (Cherni-
ack et al., 1990; Lambowitz and Perlman, 1990; Kamper
et al., 1992). The CYT-18-dependent group I introns may
Figure 6. Three-Dimensional Alignment of the N. crassa Mt tRNATyr
and Group I Intron Model Structures
(a and b) Three-dimensional alignment of putative CYT-18 protection
sites in the N. crassa mt tRNATyr with those in the mt LSU and ND1
intron model structures, respectively. The putative CYT-18 protec-
tion sites in the group I intron models were separately docked into
the tRNATyr protection sites, while other regions of the RNA struc-
tures were hidden from view. The tRNATyr protection sites were kept
stationary in essentially the orientation of Figure 5, while the intron
sites were manipulated. tRNATyr, yellow; mt LSU intron, orange; and
ND1 intron, green.
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100% active protein, as judged by tyrosyl-adenylation assayhave been acquired as molecular parasites that were
(Saldanha et al., 1995). All CYT-18 concentrations refer to homodi-self-splicing initiallyand becamedependent on the CYT-
mer, which is theactive species for aminoacylation and RNA splicing18 protein as a result of mutations that impaired forma-
(Saldanha et al., 1995).
tion of the catalytically active RNA structure (Lambowitz
and Perlman, 1990). Since the tRNA-like structural fea- Synthesis of N. crassa mt tRNATyr Transcript
An in vitro transcript corresponding to the N. crassa mt tRNATyrtures likely preexisted in group I introns because they
was synthesized using phage T3 RNA polymerase (GIBCO–BRL,form an intrinsic part of the catalytic core, it’s possible
Gaithersburg, MD) from plasmid pTYR linearized with BstNI (Guothat different aaRSs or other tRNA-binding proteins
and Lambowitz, 1992). The pTYR/BstNI transcript has the sameadapted to function in splicing group I introns in other
primary sequence as the tRNA, except that the 59 A residue was
organisms. Indeed, this may be the case for the yeast changed to G for in vitro transcription. For RNA structure mapping
mt LeuRS, which functions in splicing two closely related and footprinting, the pTyr/BstNI transcript was 59-end-labeled with
[g-32P]-ATP (3000 Ci/mmol; NEN-DuPont, Boston, MA), using phagegroup I introns in yeast mitochondria (Herbert et al.,
T4 polynucleotide kinase (New England Biolabs, Beverly, MA), and1988). Interestingly, the yeast mt LeuRs is similar to
purified by electrophoresis in a 6% polyacrylamide/7 M urea gelCYT-18 in recognizing a tRNA possessinga longvariable
(Caprara et al., 1996).arm with primary and secondary structure similarity to
P7 (Sibler et al., 1986). DMS and DEPC Modification of N. crassa mt tRNATyr
In general, the structural similarities between group I DMS and DEPC modification reactions were carried out with 2.5
pmol (z25,000 cpm) of 59-end-labeled mt tRNATyr transcript (pTYR/introns and tRNAs could reflect the presence of common
BstNI) in 25 ml of buffer (10 mM HEPES-KOH; pH 8.8) plus 1 mMstructural motifs that evolved separately in the RNAs,
EDTA (denaturing and semidenaturing conditions) or in buffer pluse.g., molecular mimicry (Felden et al., 1994), or an evolu-
100 mM KCl and 15 mM MgCl2 (native conditions), in the presencetionary relationship between group I introns and tRNAs.
or absence of 1.2 or 2 mM CYT-18 protein. Prior to the reactions,
Since the tRNA-like structural features are present in all the RNA was renatured by incubating in reaction medium for 20
group I introns, they must have originated relatively early min at 558C, followed by 10 min at 308C, then preincubated for an
additional 10 min at 308C with or without CYT-18 protein, or for 10in the evolution of these introns, prior to their dispersal
min at 558C (denaturing conditions). Modification reactions were atas mobile elements or their interaction with the CYT-
308C (semidenaturing or native conditions) or at 558C (denaturing18 protein. One possibility is that ancestors of group I
conditions), as described (Caprara et al., 1996). To identify sites ofintrons were present in the RNA world and contributed
modification, the modified RNAs were partially digested with aniline,
structures that gave rise to tRNAs during the evolution which cleaves downstream of DEPC-modified adenines and DMS-
of protein synthesis (Guo and Lambowitz, 1992). It is modified guanines (Peattie, 1979), and the products were analyzed
in a series of denaturing 10% polyacrylamide gels run for differentnow believed, however, that primordial tRNAs were
lengths. The gels were dried and quantitated with a PhosphorImagerminihelices corresponding to the acceptor stem domain
(Molecular Dynamics, Sunnyvale, CA).of modern tRNAs and that the anticodon-containing do-
main was added after the evolution of aminoacyl-tRNA
Iodine Cleavage of N. crassa mt tRNATyr
synthetase proteins (Schimmel and de Pouplana, 1995). For iodine-cleavage experiments, 59-end-labeled in vitro transcript
If so, the finding that group I introns contain cognates pTYR/BstNI was synthesized with 8% a-S-ATP, a-S-UTP, or a-S-
GTP, or 15% a-S-CTP (Caprara et al., 1996). Controls showed thatof both major domains and the long variable arm of the
these phosphorothioate substitutions did not significantly altertRNATyr suggests that they evolved after the RNA world
aminoacylation kinetics (not shown). Iodine-cleavage reactions werefrom a modern tRNA, perhaps one possessing a long
carried out with 10 pmol (z100,000 cpm) of 59-end-labeled mtvariable arm. More generally, other catalytic RNAs could
tRNATyr transcript in 25 ml of 10 mM HEPES-KOH (pH 8.8) plus 100
likewise have originated from preexisting structured mM KCl (denaturing conditions) or in buffer plus 100 mM KCl and
RNAs (e.g., tRNAs or rRNAs) that had sufficient com- 15 mM MgCl2 (native conditions), in the presence or absence of 1.2
or 2 mM CYT-18 protein. Prior to the reactions, the 59-end-labeledplexity to develop an active site. Such RNAs could have
in vitro transcript was incubated in reaction medium at 558C for 20become established either because they confer some
min, followed by 308C for 10 min, then preincubated for an additionalcellular advantage (e.g., RNase P) or because they can
10 min at 308C with or without CYT-18 protein. Iodine-cleavagepropagate as mobile elements (group I and II introns).
reactions were at 308C, as described (Caprara et al., 1996), except
These evolutionary questions may now be addressed that the iodine concentration was 0.1 mM and cleavage was termi-
by in vitro selection experiments. nated by addition of 500 mg of an unlabeled 30% phosphorothioate-
substituted transcript plus 15 mM EDTA. The cleavage products
were analyzed in a series of denaturing 10% polyacrylamide gelsExperimental Procedures
run for different lengths. The gels were dried and quantitated with
a PhosphorImager (Molecular Dynamics).Preparation of CYT-18 Protein
CYT-18 protein was synthesized from the expression plasmid
pEX560 in E. coli BL21 (DE3; plysS) and purified by the polyethylene- Molecular Modeling
The N. crassa mt LSU and ND1 intron models were constructedimine precipitation method (Saldanha et al., 1995). The CYT-18 prep-
arations used in this work were >90% pure and contained 90%– with the computer program FRODO (Jones, 1985), starting with the
Figure 7. Stereo Views Showing Superimposition of the N. crassa mt tRNATyr and Group I Intron Model Structures
(a and b) Stereo views of the phosphodiester backbone of the tRNATyr model superimposed on the mt LSU and ND1 intron models, respectively.
In each panel, the tRNA is blue, with regions protected by CYT-18 highlighted in yellow. The mt LSU and ND1 introns are orange, with
nucleotide structures shown at positions putatively protected by CYT-18. In both group I introns, P4 bp 1–5 overlap with G26–U44 and bp
1–4 of the D stem; P6 bp 1–3 overlap with bp 1–3 of the anticodon stem; and P6a bp 1–2 overlap with C32, U33, A37, and A38 of the anticodon
loop. P7 bp 3–4 overlap with bp 3–4 of the variable stem. P9[59]-2, 4, 5, and 6 overlap with U64 of the T stem and C66, C68, and U69 of the
acceptor stem, and L9–1 overlaps with the discriminator base A73.
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previously constructed models of the yeast mt LSU intron (Jaeger binds specifically to the group I intron catalytic core. Genes Dev.
6, 1357–1372.et al., 1991) and the Tetrahymena LSU intron (Michel and Westhof,
1990), respectively. Substructures were constructed with the com- Herbert, C.J., Labouesse, M., Dujardin, G., and Slonimski, P.P.
puter programs NAHELIX and FRAGMENT, which contain libraries (1988). The NAM2 proteins from S. cerevisiae and S. douglasii are
of crystallographically determined and modeled RNA structures mitochondrial leucyl-tRNA synthetases, and are involved in mRNA
(Westhof et al., 1989). The models were subjected to least-squares splicing. EMBO J. 7, 473–483.
refinement with the programs NUCLIN and NUCLSQ and refined to
Jaeger, L., Westhof, E., and Michel, F. (1991). Function of P11, afit the chemical modification and iodine-cleavage data (Caprara et
tertiary base pairing in self-splicing introns of subgroup IA. J. Mol.al., 1996). The N. crassa mt tRNATyr model was constructed by the
Biol. 221, 1153–1164.same procedures, starting with the previously constructed model
of yeast tRNASer, which also contains a long variable arm (Dock- Jones, T.A. (1985). Interactive computer graphics: FRODO. Methods
Bregeon et al., 1989). The group I intron models were superimposed Enzymol. 115, 157–171.
onto the tRNATyr model using an unpublished program developed Kamper, U., Ku¨ck, U., Cherniack, A.D., and Lambowitz, A.M. (1992).
by C. Massire et al. (IBMC, Strasbourg). The mitochondrial tyrosyl-tRNA synthetase of Podospora anserina
is a bifunctional enzyme active in protein synthesis and RNA splic-
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